Aim: This study reports the influence of hypoxia on response of colorectal cancer cells to anticancer effects of sorafenib in combination with PI3K inhibitors GDC-0941 and BEZ-235. Materials and methods: All hypoxic exposures were carried out at 1% O 2 /5% CO 2 . Antiproliferation activity was evaluated by 48 hours propidium iodide and 14 days clonogenic assay. Protein levels were evaluated by fluorescence ELISA. Metabolites lactate and glucose were evaluated biochemically. Results: In the 48-hour proliferation assay, sorafenib acted synergistically with GDC-0941 but not with BEZ-235. In long-term colony-forming assays, both GDC-0941 and BEZ-235 were shown to potentiate the antiproliferative activity of sorafenib. At the molecular level, the synergism is mediated through inhibition of pAKT, pS6, p4EBP1, pERK, cyclin D1, and Bcl-2. No change in hypoxia-inducible factor-1α (HIF-1α) levels was observed in cells treated with the combination of compounds under hypoxia. A significant reduction in glucose uptake and lactate release was observed in cells treated with the combination of compounds under normoxia and hypoxia. Conclusion: Combinations of sorafenib with PI3K inhibitors BEZ-235 and GDC-0941 are efficacious under hypoxia. Thus, these anticancer combinations have a potential to overcome the hypoxia-mediated resistance mechanisms to antiproliferative agents in cancer therapy.
Introduction
"Hypoxia", defined as tumor microenvironment of oxygen levels <20%, is a universal finding in all solid tumors. Cancer cells are unresponsive to conventional therapies under chronic hypoxia. Due to variable oxygen supply, subregions with varying oxygen concentrations build up in tumors resulting in tumor heterogeneity. 1, 2 The influence of hypoxia in tumor biology is observed in the form of selection of genotypes favoring survival under hypoxia, augmented receptor tyrosine kinase (RTK) signaling, suppression of apoptosis, and alteration in central metabolism that favors the Warburg effect. 3, 4 Hypoxia also influences the therapeutic outcome and is associated with increased tumor resistance to chemotherapy and radiation treatment. 5 An increase in lactate production due to increased levels of GLUTs, MCTs, and CAIX secretion under hypoxia leads to an acidic microenvironment that facilitates metastasis. 6, 7 Hypoxia-inducible factor-1α (HIF-1α) is one of the most important transcription factors mediating adaptation response to hypoxia and a regulator of gene products during hypoxia. 8, 9 It is a significant modulator of RTK-mediated signaling cascades, namely, PI3K and Ras-Raf pathways. PI3K pathway is hyperactivated under hypoxia.
RTK signaling is hyperactivated in a hypoxic microenvironment. Drug sensitivity is influenced by hypoxia-mediated tumor alteration. 19 Whether sensitivity of RTK signaling pathway inhibitors, namely, sorafenib and PI3K inhibitors, alone or in combination is affected by hypoxia forms the basis of this study.
Sorafenib is an approved oral multikinase inhibitor that targets the Raf/ERK pathway. In addition, it also inhibits several tyrosine kinases (vascular endothelial growth factor [VEGFR]-2, VEGFR-3, platelet-derived growth factor receptor [PDGFR] ). 20 GDC-0941 is an orally bioavailable class I selective PI3K inhibitor. 21 BEZ-235 is an orally bioavailable PI3K/mTOR dual inhibitor with activity against α, β, δ, γ PI3K isoforms and mTOR. 22 Colorectal cancer (CRC) was chosen as a model system in this study as these cancers are characterized by a high frequency of RAS and PI3K pathway mutations in addition to overexpression of epidermal growth factor receptor (EGFR). It is the third most commonly diagnosed cancer in males and second in females with an estimate of >1.2 million new cases and 608,700 deaths to have occurred in 2008. 23 
Materials and methods

Cell lines, antibodies and compounds
CRC cell lines HCT116 and SW480 were obtained from the American Type Culture Collection (ATCC). Cell lines were cultured in ATCC-recommended media supplemented with 10% fetal bovine serum (FBS) at 37°C and 5% CO 2 . Antibodies directed against pAKT (S473), pS6 (S235/236), p4EBP1 (Thr 37/46), pERK (Y202/204), Bcl-2, β-catenin, HIF-1α, cyclin D1, and actin were obtained from Cell Signaling Technology (Danvers, MA, USA). Dylight549-labeled secondary antibody and Hoechst3342 dye were obtained from Thermo Fischer Scientific (Waltham, MA, USA). Compounds sorafenib, BEZ-235, and GDC-0941 were obtained from AXON chemicals (Reston, VA, USA).
Induction of hypoxia
All hypoxic exposures were carried out at 1% O 2 /5% CO 2 using a hypoxia workstation invivo 2 400 model (Ruskinn Technology Ltd, Bridgend, UK).
Cell growth inhibition and drug combination assays
For cell growth effect assay, cells were seeded at a density of 3,000 cells per well of growth medium containing 10% FBS in a 96-well white plate. After 24 hours of incubation in humidified 5% CO 2 incubator or hypoxia chamber (1% O 2 , 5% CO 2 ) at 37°C, cells were treated with compounds alone or in combination for 48 hours. At the end of incubation period, the plates were assayed for cell growth inhibition effect using propidium iodide (PI), and % inhibition was calculated. The quantitative data were expressed as percentage (%) change in comparison to the dimethyl sulfoxide (0.1%) control cells. A nonconstant ratio for drug combination design was used, and normalized isobolograms were constructed using Calcusyn-Biosoft software. Combination effect was classified as synergistic, additive, or antagonistic on the basis of combination index (CI) value. CI <1, CI =1, and CI >1 were indicative of synergistic, additive, and antagonistic effects, respectively.
ELISA assay for detection of proteins
For protein expression studies, Cellomics high-content imaging platform was used. For detection of each protein, 5,000 cells were seeded in 96-well tissue culture grade black plates with transparent bottom and allowed to adhere for 24 hours. After 24 hours, media was replaced with fresh media, and cells were treated with indicated concentration of the compounds alone or combination of compounds and incubated for indicated time period under normoxia and hypoxia. After incubation, cells were fixed with 3.7% formaldehyde followed by permeabilization with 0.15% Triton X-100, blocked with 10% bovine serum albumin and adding specific primary antibody. Proteins were localized by secondary antibody labeled with Dylight549. Following secondary antibody incubation, the nucleus was stained with Hoechst3342. Immunofluorescence was determined by scanning the plates on Cellomics Array Scan® VTI HCS reader (Thermo-Fisher Scientific). The quantitative data were expressed as percentage (%) change in comparison to the dimethyl sulfoxide (0.1%) control cells. Five hundred cells were counted per well. The scoring outputs used were total cellular intensity/nuclear intensity and the redistribution of fluorescence intensity from the nucleus to the cytoplasm.
l-Lactate and d-glucose assays
For l-lactate assay, cells were seeded at a density of 0.1×10 6 cells in 10 mL of growth medium supplemented with 10% FBS in 100 mm tissue culture plates. After 16 hours of incubation in humidified 5% CO 2 incubator at 37°C, cells were treated with the compounds. The plates were further incubated for 48 hours under normoxia or hypoxia. After treatment, the spent medium was collected for measurement of extracellular lactate and glucose. l-Lactate was estimated in culture supernatants using lactate assay kit from Eton Biosciences, Inc. (San Diego, CA, USA; cat no 1200012002) as per the manufacturer's instructions. A standard l-lactate assay curve was plotted, and the concentration of l-lactate in samples was estimated from the standard curve using softmax pro software (Molecular Devices LLC, Sunnyvale, CA, USA). d-Glucose was estimated in culture supernatants using commercial glucose oxidase-peroxidase reagent (Sigma-Aldrich Co. cat no G3660). The plates were read at 540 nm using spectramax spectrophotometer. A standard d-glucose assay curve was plotted, and the concentration of d-glucose in samples was estimated from the standard curve using softmax pro software (Molecular Devices LLC). The level of metabolites was calculated as metabolite level per million cells.
Statistical analysis
All results are shown as the mean ± SEM of three independent experiments. The statistical validation was done by Student's t-test. Differences were considered statistically significant at P<0.05 (n=3).
Results
Induction of HIF-1α is observed in cells exposed to 1% oxygen HIF-1α as a marker for hypoxia is observed in both HCT116 and SW480 cells exposed to 1% oxygen for the experimental time points of 6, 24, and 48 hours (Figure 1 ).
Cell growth inhibition activity of sorafenib, GDC-0941, and BEZ-235 alone and in combination is reduced under hypoxia Cell viability assay was used for evaluation of cell growth inhibition effects. In SW480 and HCT116 cell lines, the antiproliferative activity of a single compound sorafenib, BEZ-235 or GDC-0941 was found to be greatly reduced under hypoxia when compared to the effect of a single molecule under normoxia conditions (Figures 2 and 3 ). Combination effect of sorafenib with BEZ-235 was synergistic under normoxia but not under hypoxia (Figure 2 ). Combination of sorafenib with GDC-0941 showed synergistic effect under both normoxia and hypoxia ( Figure 3 ). This indicated that combination of sorafenib and GDC-0941 may be effective under hypoxic tumor microenvironment where single compounds may be ineffective.
Effects of combination of sorafenib with BEZ-235 and GDC-0941 under hypoxia is synergistic in long-term clonogenic assay
In long-term clonogenic assays, the anticlonogenic effect was enhanced in combination samples as compared to single molecule alone (Figure 4) . Furthermore, sorafenib 
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Bhatia and Thiagarajan and BEZ-235 combination was as effective as sorafenib and GDC-0941 combination. Hence, the long-term effect of combination of sorafenib with BEZ-235/GDC-0941 is equally efficacious under normoxia and hypoxia. Another interesting observation was that the density of colonies was lower under hypoxic conditions when compared to density of colonies observed under normoxia. This may be due to the reduced cell proliferation under hypoxia.
PI3K/mTOR and Raf/ERK signaling proteins are inhibited under hypoxia pERK, pAKT, pS6, and p4EBP1 were analyzed after exposure of cells to sorafenib (3 µM), GDC-0941 (1 µM), and BEZ-235 (0.1 µM) alone or in combination for 6 hours under normoxia and hypoxia. In sorafenib and BEZ-235 combination samples, a greater inhibition of pERK, pAKT, pS6, and p4EBP1 was observed under normoxia as compared to 
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Combination of sorafenib with PI3K inhibitors under hypoxia hypoxia growth conditions ( Figure 5A and B). In sorafenib and GDC-0941 combination samples, a higher inhibition of pERK, pAKT, and p4EBP1 was observed under both hypoxia and normoxia. pS6 protein inhibition was similar under both normoxia and hypoxia in HCT116 cells, whereas a higher inhibition of pS6 was observed under hypoxia than under normoxia in SW480 cells ( Figure 6A and B).
β-Catenin, Bcl-2, and cyclin D1 proteins are inhibited under hypoxia β-Catenin was studied as a marker protein for Wnt-β-catenin pathway. Cyclin D1 was used as a proliferation marker protein. Bcl-2 was used as a marker for apoptosis. β-Catenin and cyclin D1 proteins were analyzed after 24 hours of 
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Bhatia and Thiagarajan treatment. Bcl-2 protein was analyzed after 48 hours of treatment with sorafenib (3 µM), GDC-0941 (1 µM), and BEZ-235 (0.1 µM) alone or in combination. In sorafenib and BEZ-235 combination samples, β-catenin was significantly inhibited under normoxia when compared to hypoxia. Bcl-2 is equally inhibited under normal and hypoxic conditions in HCT116 cells, whereas a higher inhibition of Bcl-2 was observed in SW480 cells under hypoxia as compared to normoxia. The proliferation marker cyclin D1 is highly inhibited (>90%) under normoxia, whereas no significant inhibition (30%) of cyclin D1 was observed under hypoxia in both cell lines. This observation correlated with the ineffectiveness of sorafenib in combination with BEZ-235 in cell growth inhibition assays under hypoxic conditions in short-term exposure experiments ( Figure 7A and B) . In sorafenib and GDC-0941 combination, β-catenin was significantly inhibited under normoxia compared to hypoxia. Inhibition of the antiapoptotic marker protein Bcl-2 was higher under normal as compared to that observed under hypoxic conditions. The proliferation marker cyclin D1 was equally inhibited under normoxia and hypoxia in HCT116 (40%) and SW480 (>90%) cells. The inhibition of mTOR proteins (pS6 and p4EBP1) along with cyclin D1 explains the effectiveness of sorafenib and GDC-0941 combinations in cell growth inhibition assays under hypoxic conditions in short-term exposure assay ( Figure 8A and B) .
No inhibition of HIF-1α levels is observed with drug combinations under hypoxia HIF-1α protein was analyzed after 48 hours of treatment with sorafenib (3 µM), GDC-0941 (1 µM), and BEZ-235 (0.1 µM) alone or in combination. No significant change in HIF-1α level was observed in cells treated with combination under hypoxic conditions in comparison to cells treated with single compounds (Figures 9 and 10) .
Combination of sorafenib with BEZ-235 and GDC-0941 inhibits extracellular lactate and reduces glucose uptake equally under normoxia and hypoxia For studying the effects of combination on metabolic parameters under hypoxia and normoxia, HCT116 and SW480 cells were treated with sorafenib (3 µM), GDC-0941 (1 µM), and BEZ-235 (0.1 µM) alone or in combination for 48 hours. In comparison to a single compound, a decrease in levels of extracellular lactate and glucose consumption in combination samples were observed (Figures 11 and 12 ). Simultaneous inhibition of the PI3K/mTOR and Ras/Raf/ERK pathways synergistically modulate the metabolic parameters in CRC cell lines.
Discussion
Hypoxia is a negative prognosis factor in cancer. Conventional cancer therapies may be unresponsive under chronic hypoxia as it renders these agents impermeable to tumors. Also, most anticancer agents are known to act on proliferating cells. Chronic hypoxia reduces the rate of cellular proliferation and leads to emergence of a quiescent tumor cell population, which is less susceptible to anticancer agents that target actively dividing cells in close proximity to the blood vessels. 24 Translation of HIF-1α, a marker for hypoxia, is augmented by activation of the PI3K/mTOR and Ras/Raf signaling pathways. As both PI3K and Ras/Raf pathways are hyperactivated under hypoxia, one might hypothesize that sorafenib, GDC-0941, and BEZ-235 would be more potent under hypoxic conditions. However, it was observed that these compounds show reduced potency in 48 hours cell growth inhibition assay when compared to their sensitivity under normoxia. It was also observed that cells under hypoxia have a reduced proliferation rate when compared to normoxia as observed in the long-term colony-forming assay. A reduced proliferation rate of cells under hypoxia may be a possible reason for the decreased potency of single compounds sorafenib, BEZ-235, and GDC-0941 observed under hypoxia.
19,25
The short-term 48-hour drug combination assays under hypoxia indicated that sorafenib and BEZ-235 combinations are ineffective, whereas sorafenib and GDC-0941 
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Combination of sorafenib with PI3K inhibitors under hypoxia combinations are synergistic. This indicated that PI3K inhibitors can overcome some of the drawbacks associated with PI3K/mTOR dual inhibitors: one of them being hyperactivation of RTK signaling through activation of PI3K kinase activity. 26 Another reason could be a complex interaction between HIF-1α and mTOR dependent on oxygen availability that renders mTOR inhibitor everolimus ineffective under severe hypoxic conditions as described by Knaup et al. 27 mTOR activation by growth factors leads to phosphorylation of p70S6K and 4E-BP1 involved in cellular translation. Phosphorylation of 4E-BP1 leads to dissociation and activation of eIF4E, which mediates classic cap-dependent translation. Phosphorylation of p70S6K leads to activation of rpS6, which is involved in translation of 5′TOP-dependent messenger RNAs. Because HIF-1α belongs to the 5′TOP messenger RNA family, HIF-1α protein in normoxia or hypoxia could be regulated through activated mTOR signaling. Under hypoxia, HIF-1α subunits accumulate and mTOR is potently inactivated, leading to a reduction in cellular translation. A rapid hypophosphorylation of p70S6K and rpS6 in response to HIF-1α accumulation can regulate its translation under hypoxia through a negative feedback loop.
However, in the long-term clonogenic assay, the combination of both sorafenib with GDC-0941 and BEZ-235 was efficacious indicating that long-term exposure to combined drug pressure can overcome resistance to mTOR inhibition due to feedback regulation by HIF-1α under hypoxia.
At the molecular level, a higher inhibition of proteins (pERK, pAKT, pS6, p4EBP1, β-catenin, and cyclin D1) was observed under normoxia as compared to hypoxia growth conditions in cells treated with sorafenib, BEZ-235, and the combination of sorafenib with BEZ-235. In sorafenib and GDC-0941 combinations, inhibition of proteins (pERK, pAKT, pS6, p4EBP1, cyclin D1) was observed under both normoxia and hypoxia. The inhibition of primary target proteins along with proliferation marker protein cyclin D1 explains the synergistic effect of sorafenib with GDC-0941 under both normoxia and hypoxia, although the potency of single compounds is greatly reduced as explained earlier.
The data further confirm that PI3K inhibitors may be more efficacious than PI3K/mTOR inhibitors in combination with sorafenib under hypoxia.
In sorafenib combination with BEZ-235 samples, it was observed that Bcl-2, an antiapoptotic protein, was inhibited to a greater extent under hypoxia when compared to normoxia, but this inhibition was insufficient to alter cellular proliferation in short-term 48-hour assay. Extent of Bcl-2 inhibition in sorafenib combination with GDC-0941 was comparable under hypoxia and normoxia, indicating that these proteins may not be significant in influencing the outcome of combinations under hypoxia. However, this observation contradicts the expected observation that AKT inhibition through upstream PI3K inhibition or ERK inhibition through upstream RAF inhibition may tilt the cellular balance toward reduced proliferation by inhibition of antiapoptotic proteins Bcl-2. 28, 29 The combination of sorafenib with BEZ-235 or GDC-0941 does not alter the expression of hypoxia-expressed protein HIF-1α in comparison to single compounds.
Oncogenesis mediated through growth factor signaling is linked to alterations in cellular glucose metabolism. The PI3K pathway regulates the use and uptake of glucose through increased expression and membrane localization of the glucose transporter GLUT1; it stimulates phosphofructokinase (PFK) activity and the association of hexokinases 1 (HK1) and 2 (HK2) with the mitochondria. Activation of mTOR, and its regulation via AMPK maintains glucose homeostasis. 30 KRAS drives metabolic reprogramming in tumor cells by increasing aerobic glycolysis through increased expression of glycolytic enzymes, such as HK1, HK2, GLUT1, PFK1, and LDHA. 31 Several reports suggest that both nutrient uptake changes and metabolic alterations are under direct control of RAS oncogenes. 30, 32 A decrease in the extracellular lactate levels and glucose consumption correlated with the cell growth inhibition observed in drug combination assays. Decrease in cellular glucose uptake and extracellular lactate release under both hypoxia and normoxia indicated that exposure of cells to sorafenib in combination with BEZ-235 or GDC-0941 would alter the cellular metabolism in cancer cells to a state similar to that of normal cells. It can thus be hypothesized that this metabolic effect would not only alter the proliferation rate of cancer cells but also help to restore the aberrant oncogenic signals that promote cancer.
Conclusion
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well as normoxia, synergistic effects that are observed with the combination of compounds are mainly due to inhibition of effector proteins of the target pathways of these compounds, namely, PI3K/AKT and Raf/ERK. The observed efficacy of combination of sorafenib with PI3K inhibitors indicates that these combinations can overcome the hypoxia-mediated resistance mechanism and will be efficacious in a hypoxic tumor microenvironment.
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